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A novel pulsed arterial spin labeling (PASL) technique for mul-
tislice perfusion-weighted imaging is proposed that compen-
sates for magnetization transfer (MT) effects without sacrificing
tag efficiency, and balances transient magnetic field effects
(eddy currents) induced by pulsed field gradients. Improved
compensation for MT is demonstrated using a phantom. Im-
provement in perfusion measurement was compared to other
PASL techniques by acquiring perfusion images from 13 healthy
volunteers (nine women and four men; age range 29–64 years;
mean age 45 � 14 years) and second-order image texture anal-
ysis. The main improvements with the new method were signif-
icantly higher image contrast, higher mean signal intensity,
and better signal uniformity across slices. In conclusion, this
new PASL method should provide improved accuracy in mea-
suring brain perfusion. Magn Reson Med 49:307–314, 2003.
© 2003 Wiley-Liss, Inc.
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Arterial spin labeling (ASL) MRI, both continuous (1) and
pulsed (PASL), is a promising tool for quantitative mea-
surements of brain perfusion in various neurodegenerative
diseases, including Alzheimer’s disease (2–4). Several
PASL methods, including echo-planar imaging (EPI) and
signal targeting with alternating RF (EPISTAR) (5,6), flow-
sensitive alternating inversion recovery (FAIR) (7,8), and
proximal inversion with a control for off-resonance effects
(PICORE) (9), have been proposed for separating the signal
of spin-labeled (tagged) blood from the signal of stationary
tissue. In this work, EPISTAR, FAIR, and PICORE refer
solely to a tag method rather than to a complete perfusion-
weighted imaging (PWI) pulse sequence. A major problem
with PASL, however, is that the RF pulses that tag arterial
blood also induce modulations in the stationary brain
tissue via magnetization transfer (MT), limiting accuracy
in measuring perfusion (10). A common strategy to com-
pensate for MT is to induce equal effects of MT in tag and
control scans that ideally cancels out upon subtraction of
the scans. EPISTAR and PICORE, depicted in Fig. 1, are
two examples that apply this strategy. However, both
methods have a weakness in compensating for MT. Al-

though field gradients are matched between tagged and
control scans in EPISTAR, a weakness is that the RF am-
plitudes differ by a factor of 2, thus causing potential
differences in MT due to nonlinear spin responses (10).
Similarly, although power and bandwidth are matched
between tag and control scans in PICORE, eddy currents
from unpaired slab-selective gradients can result in errors
for MT compensation (11). Therefore, the first goal of this
study was to design a new PASL method for multislice
PWI with improved MT compensation.

Other problems with PASL that cause underestimation
of perfusion are inflow of untagged blood into the image
planes before mapping of the tagged blood is completed,
and modulation of the perfusion signal due to variation in
arterial transient time. The accuracy with which perfusion
is measured can be improved by destroying blood trans-
verse magnetization with periodic saturation pulses over a
thin region proximal to the image planes, as proposed by
Luh et al. (12) for QUIPSS II, termed Q2TIPS. Because
periodic saturation and spin tagging are coupled, the sec-
ond goal in this study was to compare our proposed PASL
method with spin labeling by EPISTAR and PICORE in
combination with a periodic saturation pulse.

Most previous experimental comparisons of perfusion
methods were based on studies involving a few volunteers
(9,13). Given the variation in brain perfusion among sub-
jects, however, a relatively large number of studies are
necessary to determine the significance of differences be-
tween methods. Furthermore, previous comparisons relied
either on visual inspection of perfusion images (9,14) or on
first-order image statistics, such as signal-to-noise ratio
(SNR) measurements (13,15). However, visual compari-
sons are subjective, and comparisons based on SNR alone
are limited in capturing the full complexity of image fea-
tures that might change between different PASL methods.
Therefore, the third goal was to determine whether the
proposed PASL method provides significant improve-
ments compared to PICORE and EPISTAR, given the bio-
logical variability of perfusion between subjects. This was
accomplished by testing these PASL methods on a suffi-
ciently large number of subjects, and by extending analysis
of perfusion data to second-order texture statistics, includ-
ing measurements such as contrast, entropy, correlation,
and second angular moments (16).

PULSE SEQUENCE DESIGN

A diagram of the tag and control preparation with the pro-
posed PASL method, termed double inversions with proxi-
mal labeling of both tag and control images (DIPLOMA) is
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shown in Fig. 1. Figure 1 also shows tag and control prepa-
rations of PICORE and EPISTAR. In detail, the tag scan of
DIPLOMA includes 1) a spectral-selective inversion pulse
off-resonance to water (�off in Fig. 1), inducing an MT effect
and no inverse magnetization of blood water; and 2) a slab-
selective inversion pulse on-resonance (� in Fig. 1) with the
same amplitude as �off, again inducing an MT effect, but with
inverse magnetization (tag) of blood water. In contrast, the
control scan of DIPLOMA consists of two slab-selective in-
version pulses on-resonance, both of which induce MT ef-
fects but no net magnetization change of blood water. With
the condition that the difference between off- and on-reso-
nance frequency is small compared to the frequency distri-
bution of MT, tag and control scans generate nearly equal
amounts of MT that cancel upon subtraction of the tag and
control images. Furthermore, because pulsed gradients were
applied in both the tag and control scans, the effects of eddy
currents cancel to a large extent as well. Finally, because all
four RF inversion pulses are of the same power, the slice
profiles in the tag and control scans are virtually identical.

The whole sequence for PWI, including PASL and the
imaging part of Q2TIPS (12), is depicted in Fig. 2a. First,
two saturation pulses (SAT1) destroy magnetization in the

image planes to reduce background noise. Thereafter,
PASL is applied for tag blood within a region proximal to
the image planes. Following PASL and a inversion time
(TI) TI1, 14 periodic saturation pulses (SAT2) are applied
across a 20-mm band at the distal edge of the tag region to
destroy magnetization of untagged blood that flows out of
the tag region, as proposed by Luh et al. (12), and to clearly
define the length of the tag region. After another delay time
(TD), TD1, a standard EPI scheme is used to acquire mul-
tislice PW images. Before the sequence is repeated for
signal averaging, two RF pulses are applied to saturate the
image planes (SAT1), followed after another delay, TD2,
with gradient pulses to destroy residual transverse magne-
tization (17). An example of tag and image slice positions
for measuring perfusion in the cerebrum are sketched in
Fig. 2b. PASL was accomplished for all three methods
using adiabatic hyperbolic secant pulses that were gener-
ated with software described in Ref. 18 using the following
parameters: side-to-width parameter (�) � 10, pulse band-
width factor (�) � 630 s–1, and pulse duration � 12.8 ms,
requiring an RF field strength (B1) of approximately 14 �T
that resulted in combination with a magnetic field gradient
(G1) of 0.41 mT/m in a 90-mm-wide tag region.

METHODS

Experiments on phantoms and volunteers were performed
on a standard 1.5T MR system (Siemens Vision, Erlangen,
Germany) using a circularly polarized head coil for RF
transmission and reception. The Committee for Human
Research of the University of California approved the
study, and all volunteers provided written informed con-
sent before participating in this study.

Phantom Studies

Compensation for MT

A 3% agarose phantom with tap water doped by
0.45 mM/L of copper sulfate to maintain T1 � 1056.0 �
5.5 ms (19) was used to compare the abilities of DIPLOMA,
PICORE, and EPISTAR for canceling out MT effects for

FIG. 1. PASL with PICORE, EPISTAR, and DIPLOMA. Shown are
B1- amplitudes of tag (T) and control (C) RF pulses for spin inversion.
Off-resonance inversion is indicated by �off. Slab-selective gradi-
ents are indicated by transparent squares, while spoiler gradients
are shown in gray. In EPISTAR, RF pulse amplitudes for control and
tag differ by a factor of 2.

FIG. 2. (a) Perfusion imaging sequence and
(b) arrangement for perfusion imaging. Indi-
cated are spin saturation (SAT1 and SAT2),
PASL, and EPI acquisition periods. TI1 and
TI2 are spin inversion times, and TD1 and
TD2 are delay times that determine overall
TR. Transparent squares indicate slab-se-
lective gradients, and the gray area indi-
cates a spoiler gradient.

308 Jahng et al.



single-slice acquisition. First, the MT spectrum of the
phantom was determined over a frequency range of zero
Hz to 20 kHz by varying within this range the frequency of
a hyperbolic secant inversion pulse (20.48 ms long, corre-
sponding to 0.85 kHz bandwidth) applied in the absence of
a gradient and imaging signal intensity (SI) using a 3D fast
low-angle shot (FLASH) sequence (TR � 150 ms, TE �
6 ms, and excitation � 45°) (20). MT magnitudes were
expressed relative to the unperturbed signal Soff of the
phantom according to MT � 100*(Soff – Son)/Soff, with Son

representing the perturbed signal after an inversion pulse
was applied. Second, the following studies were repeated for
each sequence: 1) a reference image without tag and control
pulses was acquired (reference mode); 2) an image uncom-
pensated for MT was acquired, using a 550 Hz off-resonance
tag pulse but no control pulse (MT mode); and 3) an image
compensated for MT was acquired, using tag and control
pulses in regular mode (compensation mode). Except for the
three different PASL schemes, the remainder of the pulse
sequence was fixed with respect to timing and EPI acquisi-
tion. Saturation pulses were turned off for each PASL
scheme. A single image slice was acquired with TI1 �
0.685 s, TI2 � 1.2 s, a 50-mm-wide tag region, and 20 mm
distal from the image slice. Differences between the se-
quences in MT and compensation mode were expressed
relative to the mean image intensity in reference mode (Sref)
and transformed into a Z-score, according to (Smax – Sref)/
STDref for the MT mode and (Spwi – Sref)/STDref for the
compensation mode, where STDref is the standard deviation
(SD) of the image intensity in reference mode. A Z-score of
zero indicates perfect MT compensation, and a Z-score of
1 implies 1 SD from perfect MT compensation.

Interaction Between Periodic Saturation and PASL

To test interactions between periodic saturation pulses and
the different PASL schemes, experiments were performed on
a doped-water phantom (T1 � 1068.9 � 4.3 ms) and the
agarose phantom with an increasing number of periodic sat-
uration pulses from 10 to 20 in steps of 2. Imaging parameters
in these experiments were: TR � 2.5 s, TE � 15 ms, TI1 �
780 ms, TI2 � 1500 ms, acquisition of five slices, each 5 mm
thick with a 5-mm gap between slices, and 34 acquisitions.
The gap between the imaging plane and the tag plane was
20 mm. SI variations in subtraction images were observed
with varying the saturation pulses.

Human Studies

Interaction Between Periodic Saturation and PASL

Interaction between the periodic saturation pulses and the
different PASL methods were tested on a volunteer, using
the same acquisition parameters as in the phantom stud-
ies. The extent to which intensity of perfusion varied as a
function of the number of periodic saturation pulses for
each PASL method was determined by computing a coef-
ficient of variation (COV) (SD divided by mean intensity)
of perfusion SI for each image slice.

Comparison Between the PASL Methods

In order to compare the ability of the different PASL methods
to measure perfusion, 13 healthy volunteers (nine women

and four men; age range 29–64 years; mean age 45 �
14 years) were studied using the three PASL schemes, while
the rest of the PWI sequence parameters were kept identical.
Following an initial scout scan for anatomical orientation,
PWI acquisitions with PICORE, EPISTAR, and DIPLOMA
were performed in rapid succession in a single session. Vol-
unteers were asked to close their eyes and relax during scans
to achieve similar conditions between scans of resting-state
blood flow. The PWI acquisition parameters were: TR �
2.5 s, TE � 15 ms, TI1 � 780 ms, TI2 � 1500 ms, and
14 periodic saturation pulses; tag was accomplished over a
90-mm-wide region using hyperbolic secant pulses with the
parameters described previously. At a 15-mm distance from
the tag region, PWI of five axially-oblique slices (each 8 mm
thick, 2 mm apart, and oriented 10° off the anterior-posterior
commissure line) were acquired with a resolution of 4.6 �
2.3 mm2 over a field of view (FOV) of 225 � 300 mm2.
Following acquisition and image reconstruction, the data
were transferred to an off-line workstation for image analysis.

Statistical Analysis

PW images of the volunteers were evaluated using texture
analysis (16,21,22). The the first-order textures included
mean SI (MSI) and COV of SI (COVSI). The second-order
textures included contrast, correlation, entropy, and angular
second moment (ASM). Definitions of the different textures
were programmed in IDL5.2 (Research Systems, Inc., Boul-
der, CO) and are summarized in the appendix. In addition,
second-order texture values at 0°, 45°, 90°, and 135° angular
directions were averaged for each slice and subject. Differ-
ences between the PASL methods were tested using paired
t-tests. Furthermore, to determine whether the difference be-
tween methods remained significant in the presence of vari-
ability between subjects, we performed two-factor analysis of
variance (ANOVA) tests (method and subjects), followed by
post-hoc pairwise comparisons of the methods. The level of
significance was raised to P � 0.05/6 � 0.008 to reduce the
risk for significant findings by chance (Bonferoni correction).

RESULTS

Phantom Studies

The spectral distribution of MT between 50 Hz and
1.3 kHz in the agarose phantom is shown in Fig. 3. This
shows that at 550 Hz, which was used as the offset fre-
quency for the tag pulse, the MT magnitude was about
39% of maximum. Table 1 lists the results from uncom-
pensated (MT mode) and compensated MT measurements
for each PASL scheme. This demonstrates that the best MT
compensation was achieved with DIPLOMA, as indicated
by the smallest Z-score, although absolute intensity from
uncompensated MT was highest for DIPLOMA. The num-
ber of periodic saturation pulses did not affect SI in any
PASL method.

Human Studies

Interaction Between Periodic Saturation and PASL

The graphs in Fig. 4 show the effect of increasing the
number of periodic saturation pulses on SI in PW images
for DIPLOMA (Fig. 4a), EPISTAR (b), and PICORE (c), and
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indicate large differences between the PASL methods. The
smallest signal variability was achieved with DIPLOMA,
indicating minimal interaction between period saturation
and PASL, and thus consistency in measuring perfusion.

Comparison Between the PASL Methods

Representative PWI data from a volunteer (a 28-year-old
female) obtained with PASL by DIPLOMA, EPISTAR, and
PICORE are shown in Fig. 5a–c, respectively. Images were
scaled to the same brightness for better comparison. This
shows a higher perfusion contrast in regions of gray and
white matter with DIPLOMA than with other PASL meth-
ods. Furthermore, overall image intensity across slices var-
ied less with DIPLOMA than with other PASL methods.
This is also seen in Table 2, which lists mean intensity
values of PWI data for each slice from 13 subjects, together
with the COVs (SD divided by the mean intensity from five
slices) for each PASL method, indicating the extent of
intensity variability from slice to slice.

The results from a texture analysis of the PWI data from
the volunteers are listed in Table 3 for each PASL method.
MSI was 8% higher with DIPLOMA (P � 0.003, by paired
t-test) than with EPISTAR, indicating improved sensitivity
in measuring perfusion. The difference in MSI between
DIPLOMA and EPISTAR remained significant when vari-
ability between the subjects was considered (F[1,12] �

13.6, P � 0.003). DIPLOMA and PICORE had comparable
MSI values (P � 0.05). COVSI was 28% lower with
DIPLOMA (P � 0.001) than with PICORE, indicating
less image noise. This difference between DIPLOMA and
PICORE remained also significant when subject variability
was considered. (F[1,12] � 70.0, P � 0.001). Compared to
EPISTAR, however, DIPLOMA had an approximately 21%
higher COVSI value (P � 0.001). Of the second-order tex-
tures, contrast was 23% higher with DIPLOMA (P � 0.008)
than with EPISTAR, indicating better image quality. This
difference between DIPLOMA and EPISTAR remained sig-
nificant when subject variability was considered (F[1,12]
� 10.0, P � 0.008). In contrast, DIPLOMA and PICORE had
comparable contrast values (P � 0.8). Entropy was 1.7%
higher with DIPLOMA than with PICORE (P � 0.001),
indicating increased image complexity. This difference
remained also significant when subject variability was
considered (F[1,12] � 19.7, P � 0.001). In contrast,
DIPLOMA and EPISTAR had comparable values for en-
tropy (P � 0.1). Correlation yielded no significant difference
between the methods. Finally, angular second moment
(ASM) was about 15% lower with DIPLOMA than with PI-
CORE (P � 0.006), indicating improved image uniformity.
This difference between DIPLOMA and PICORE also re-
mained significant when subject variability was considered
(F[1,12] � 11.0, P � 0.006). In contrast, DIPLOMA and EP-
ISTAR had comparable ASM values (P � 0.5). In summary,
several image textures indicated better or similar image qual-
ity with DIPLOMA as compared to PICORE or EPISTAR.
However, COVSI was best with EPISTAR.

DISCUSSION AND CONCLUSIONS

The main findings of this study were that DIPLOMA im-
proved MT compensation, as shown with phantoms, and
improved the quality of PWI, as demonstrated with image
texture analysis of MRI data from volunteers.

FIG. 4. Variation of perfusion signal intensities as a function of
number of periodic saturation pulses in multislice PWI with different
PASL methods: (a) DIPLOMA, (b) EPISTAR, and (c) PICORE. Data
are from a young volunteer. Variation of the perfusion signal in each
slice is expressed as a COV. Slice 5 is most proximal to the tag
region.

FIG. 3. Spectral distribution of MT effects in the agarose phantom.
MT compensation of the different PASL methods was tested with
550 Hz frequency offset for tag pulses (arrow, corresponding to a
roughly 39% MT effect).

Table 1
Magnetization Transfer (MT) Effects for Different PASL Schemes
Measured on an Agarose Phantom

PASL
Tagging

frequency offset
MT

modea
Compensation

modeb

DIPLOMA 550 Hz 28.4 1.1
EPISTAR 550 Hz 15.7 6.1
PICORE 550 Hz 16.4 3.8

aMT mode (S1): MT measurements with tag pulse on and control
pulse off.
bCompensation mode (S2): MT measurements with tag and control
pulses both on; Values are in Z-scores:� (S1 or 2 � Sref)/STDref,;
STDref is the standard deviation of intensities in the reference image
mode (Sref) with tag and control pulses both off.
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Two major problems with PASL are a weakness in
compensating for MT effects, and poor balance of eddy
currents between tag and control scans. Both problems
are amplified with PICORE. With EPISTAR, eddy cur-
rents are fully removed, but MT effects may remain
because of nonlinear spin response due to different
pulse amplitudes in tag and control scans. As regards
the handling of eddy currents, DIPLOMA is better than
PICORE but not as effective as EPISTAR. In contrast to
PICORE, pulse gradients are applied in both tag and
control scans in DIPLOMA, partially balancing the eddy
currents. However, eddy current compensation is better
with DIPLOMA than with EPISTAR because different
pulses are used on the slice gradient channel. For MT
compensation, DIPLOMA has the advantage over
EPISTAR in not relying on MT response linearity to
irradiation. However, MT compensation with DIPLOMA
is not perfect, because half of the RF irradiation in the
tag scan is applied without slab selection; therefore,
different imaging slices may depict the irradiation at
different frequency offsets. This is fully compensated for
by EPISTAR. Whether MT compensation is better with
DIPLOMA or EPISTAR depends on the relative contri-
butions from nonlinear spin response and frequency
offsets to MT. Compared to PICORE, MT compensation
is better with DIPLOMA, because the other half of the RF
irradiation in the tag scan is applied with slab selection,

and therefore partial compensation of frequency offsets
between imaging slices is achieved.

Another approach for MT compensation is the transfer
insensitive labeling technique (TILT), which uses two gra-
dient pulses of opposite polarity in combination with two
slice-selective 90° excitation pulses of opposite phase in
both tag and control scans (23). However, simulations have
shown that MT compensation is limited with TILT, as RF
frequency offset for slice selection increases (24). In addi-
tion, TILT may compromise tagging efficiency, because 90°
excitation pulses are more susceptible to B1 inhomogene-
ity than are adiabatic inversion pulses.

Although it is difficult to quantify MT compensation
in perfusion studies on humans, the results from texture
analysis suggest that DIPLOMA is similar to or better
than other techniques in compensating for differences
between tag and control scans, including MT effects.
Especially notable was an improvement in image con-
trast with DIPLOMA as compared to EPISTAR. A possi-
ble limitation of DIPLOMA is decreased efficiency of
blood tagging, because the extended duration with two
inversion pulses increases T1 relaxation during tag.
However, higher RF pulse power in combination with stron-
ger gradients can be used to shorten duration (25–27).

Previously, Luh et al. (12) used periodic saturation
pulses over a narrow region at the distal edge of the tag
region that increased the precision in measuring perfu-

FIG. 5. Representative PW images ob-
tained with (a) DIPLOMA, (b) EPISTAR, and
(c) PICORE from a volunteer (28-year-old
female). Images are scaled to the same
brightness for better comparison, showing
superior contrast and uniformity across
slices with DIPLOMA.

Table 2
Slice Uniformity of Perfusion Images by Different PASL Methods

PASL
Slices

CoV (%)
1 2 3 4 5

DIPLOMA 1.00 � 0.06 0.98 � 0.06 1.00 � 0.06 0.99 � 0.05 0.99 � 0.04 1.04
EPISTAR 0.93 � 0.04 0.88 � 0.06 0.91 � 0.05 0.93 � 0.04 0.98 � 0.06 3.74
PICORE 1.00 � 0.08 0.97 � 0.08 0.99 � 0.08 1.01 � 0.08 1.13 � 0.09 5.85

Perfusion signal intensities (means � SD) averaged from 13 subjects and normalized to the first slice intensity in DIPLOMA. Variation from
slice to slice is expressed as a coefficient of variation (CoV � SD divided by the mean intensity from five slices).
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sion. This was attributed in part to a reduction of untagged
blood flowing into the image plan, diluting the perfusion
signal from tagged blood. As data from a volunteer show
(Fig. 4), care must be taken when combining periodic
saturation pulses with different PASL methods. Results
showed that DIPLOMA is relatively insensitive to an in-
teraction with periodic saturation pulses, while PICORE
and EPISTAR exhibited higher sensitivity. This effect is
probably a combination of inversion pulse, T1 relaxation,
and arterial blood velocity, although the details remain
unclear. Further investigations are necessary to better elu-
cidate this aspect. The number of periodic saturation
pulses also appears to be important. If this number is too
small, the time for saturation is too short and untagged and
unsaturated blood may reach the imaging sections, dilut-
ing the perfusion signal. In contrast, if the number of
pulses is too large, the time for saturation may become too
long, and the perfusion signal decreases due to T1 relax-
ation (12).

While comparisons of perfusion methods have been per-
formed before (13,15,28,29), differences between the meth-
ods have not been related to perfusion variability between
subjects. However, without considering subject-to-subject
variability the advantage of a method for measuring per-
fusion differences between groups is difficult to establish.
The current study related differences between the methods
to differences in a reasonably large number of subjects.
Furthermore, first- and second-order image texture analy-
sis expressed differences between PWI data quantitatively
for a range of different image features. The most significant
improvement of DIPLOMA was increased perfusion con-
trast between gray and white matter. A high gray/white
matter contrast in PW images is particularly important for
studies of brain diseases that are expected to present
changes in cerebral blood flow—specifically in cortical
gray matter, such as in Alzheimer’s disease, or in white
matter, such as in ischemic vascular dementia.

Another significant improvement of DIPLOMA was in-
creased MSI and increased signal uniformity across slices.
Both improvements are important for measuring regional
variations in perfusion accurately. This is useful in, for
example, Alzheimer’s disease, which often shows reduced
blood flow in temporo-parietal lobe regions while frontal

and occipital lobes are spared (30). Other improvements of
DIPLOMA were increased entropy and decreased ASM as
compared to PICORE. Increased entropy implies that in-
formation content in the image has increased. Decreased
ASM indicates that the dynamic range of image intensities
has increased. Improvements of both entropy and ASM
suggest that the ability of measuring regional perfusion
differences in the volunteers was better with DIPLOMA
than with the other methods.

In conclusion, this new PASL method showed improved
compensation for MT effects, and improvements in some
imaging features (especially higher perfusion contrast)
compared to other methods. Therefore, accuracy in mea-
surement of cerebral blood flow should increase with the
new method.
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APPENDIX

First-Order Image Textures Used in This Study

1. MSI (22)

MSI �
1
N �

i�0

Ni�1 �
j�0

Nj�1

p	i, j


where p(i,j) is the gray level in image pixel (i,j), Ni and Nj

are the number of pixels for i and j, respectively, and N �
Ni * Nj is the total number of image pixels.

2. COVSI

COVSI �
STD
MSI

where STD is the SD of SI in the image.

Table 3
Comparison of Perfusion Weighted Images Obtained With Different PASL Methods on 13 Volunteers Using First
and Second Orders of Texture Analysis*

Feature DIPLOMA EPISTAR PICORE �(D-E) �(D-P)

MSI 1.00 � 0.05 0.92 � 0.06 1.01 � 0.08 8b 1
COVSI 0.14 � 0.03 0.11 � 0.03 0.18 � 0.05 21.4b �28.6a

Contrast 187 � 126 144 � 81 186 � 129 23b 0.5
Entropy 2.88 � 0.15 2.86 � 0.13 2.83 � 0.15 0.7 1.7a

Correlation 0.63 � 0.06 0.65 � 0.07 0.64 � 0.07 �3.2 �1.6
ASM 1.81 � 0.87 1.86 � 0.72 2.08 � 0.95 �2.8 �14.9a

*Data are means and SDs of 13 subjects and five slices per subject. Values of second order textures (Contrast, Entropy, Correlation, ASM)
are the average from four directions in the image plane (0°, 45°, 90°, 135°).
aP � 0.008 DIPLOMA vs. PICORE;
bP � 0.008 DIPLOMA vs. EPISTAR
MSI, mean signal intensities, normalized to MSI of DIPLOMA; COVSI, coefficient of variation of signal intensity; ASM � angular second
moment; �(D-E), difference in image textures between DIPLOMA and EPISTAR in percent relative to DIPLOMA; �(D-P), difference in image
textures between DIPLOMA and PICORE in percent relative to DIPLOMA.
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STD �
��

i�0

Ni�1 �
j�0

Nj�1

	p	i, j
 � MSI
2

N � 1

This represents a COVSI in the image.

Second-Order Textures Used in This Study

Second-order texture can be derived from a co-occurrence
matrix C(i,j), which reflects the frequency in which gray
level combinations occur in pairs of pixels, separated by a
given distance between pixels. C(i,j) is calculated for 0°,
45°, 90°, and 135° directions in the image plane, yielding
four matrixes. In this study, the distance was fixed to one
pixel, and textures derived from C(i,j) of the four direc-
tions were averaged.

1. Contrast (22)

CONTRAST � �
i�0

Ni�1 �
j�0

Nj�1

�	i � j
2C	i, j


This represents the contrast in an image. Contrast in-
creases with larger gray level differences in an image.

2. Correlation (21)

CORRELATION �

�
i�0

Ni�1 �
j�0

Nj�1

	i � �i
	j � �j
C	i, j


�i�j

�i � �
i�0

Ni�1� i� �
j�0

Nj�1

C	i, j
��
�j � �

j�0

Nj�1� j� �
i�0

Ni�1

C	i, j
��
�i

2 � �
i�0

Ni�1� 	i � �i

2� �

j�0

Nj�1

C	i, j
��
�j

2 � �
j�0

Nj�1� 	j � �j

2� �

i�0

Ni�1

C	i, j
��
This represents a measure of the relationship between

pixel gray levels. Correlation increases with increasing
image heterogeneity.

3. Entropy (16)
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This represents a measure of homogeneity among pixel
gray levels. Entropy increases with increasing image com-
plexity.

4. ASM (16)

ASM � �
i�0

Ni�1 �
j�0

Nj�1

�C	i, j
2

This represents a measure of clustering of pixel gray
levels. ASM increases with a decreasing dynamic range of
pixel gray levels.
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